Abstract Performance reference compounds (PRCs) are neutral organic compounds, introduced in a passive sampler prior deployment for the assessment of in situ sampling rate. In this study, evaluation of in situ sampling rates of 16 13 C-PAH-PRCs with moderate and high hydrophobicity was established to provide an overall correction factor for variations in virtual organism (VO) uptake rates of the analytes of interest. In situ sampling rate was compared to an empirical model during sampling campaign in 2011 with VO in 12 different sites along the Three Gorges Reservoir (TGR) in China. A discrepancy was observed for high hydrophobic compounds with log K ow ranging from 5.18 to 6.63 where ΣPAH concentration in TGR from Huckins model (305,624 pg/L) was resulted to be roughly 2-fold higher than the alternative procedure (182,292 pg/L). A relationship between in situ sampling rates of the 16 13 C-PAHPRCs (Rs, PRC ) and log K ow was set up to allow then calculation of analyte sampling rate Rs analyte (N) of various organic pollutants with log K ow ≤ 6.63.
Introduction
A virtual organism (VO) is defined as artificial propertytool, reflecting exposomic processes in compartments (fat, protein, membranes, etc.) of real organisms . In this study, the VO is the semipermeable membrane device (SPMD). The basic theory of this passive sampler in water developed by Huckins et al. (1993) is used to determine the amount of freely dissolved nonpolar organic chemicals for in situ monitoring trace levels. The target compounds are accumulated in VO from their freely dissolved form in water. Hence, the transient cross-section of the polymeric membrane, which maximal diameter is about 10 Å, does not restrict the passage of these respective compounds. The transport mechanism from the water phase to the VO is limited either by diffusion under water boundary layer (WBL) control or by the resistance in the membrane of VO. The WBL is a thin hydrodynamically complex region area between the VO membrane and the water body from the bulk water, created by molecules which cannot pass through the membrane.
Under membrane control, VO acts as permeate sampler and analyte sampling rates increase with octanol-water partition coefficient K ow , while under WBL, VO acts as diffusion sampler and the sampling rates remain constant or slightly increase with K ow (Huckins et al. 2006a; Lohmann et al. 2012) . The turning point between membrane and boundary layer rate control depends on flow and turbulence conditions at the external surface of the membrane. Booij et al. (1998) included performance reference compounds (PRCs) to compensate for environmental factors that can affect uptake kinetics of SPMD. Thus, a high turbulence leads to more release of PRC and therefore to a higher sampling rate. PRCs are analytically non-interfering compounds. They are not present in the environment and are spiked into passive samplers during their production (Huckins et al. 2002a (Huckins et al. , 2002b Booij et al. 2007b) . The PRC method relies on isotropic exchange so that the uptake of the target analyte into the sorbent phase is presumably synchronized with the dissipation of preloaded PRCs out of the sorbent phase. Thus, PRC loss rate data can be used to adjust VO-derived estimates of ambient concentrations to reflect site-specific environmental conditions of an exposure. Huckins et al. (2002a) have established a model to estimate analyte sampling rate Rs analyte (H) by using PRCs. This model is based on the fact that hydrophobic compounds in VO with different log K ow values can adjust for each other as long as the uptake mechanism is the same. Huckins demonstrated that VO kinetic exchange of hydrophobic compounds with high log K ow ≥ 4.4 are generally under water boundary control (Huckins et al. 1999 ) and the effects of environmental variables on the pollutant exchange rates with a wide range of K ow 's is concluded as constant (Booij et al. 1998; Huckins et al. 2002a) . However, the model of Huckins may be inappropriate if the uptake mechanism of the target compound is under membrane control while the chosen PRC release is under WBL control. Furthermore, the change of exposure scenarios is not only limited to environmental variables but also to chemical properties of organic pollutants. Studies found size-disparity effect in the polymer triolein on organic compounds (Chiou 1985) which may affect the mass transfer lipid-membrane during molecular exchange and allow then membrane control of high molecular weight rather than WBL control as expected. The model of Huckins consisted of extrapolation of analyte sampling rate with values derived from laboratory calibration studies and a chosen PRC limited to a criterion of arbitrary values from 20 to 80% losses to minimize propagation of errors from subtracting two large numbers. Tomaszewski and Luthy (2008) referred to Huckins method, used a single PRC to investigate a suite of PCBs with PE sampler in pore water, and came to the conclusion that, after 28 days of deployment, this approach matched field-measured uptake rates for most congeners but tended to underestimate uptake rates for higher molecular weight compounds. Liu et al. (2013) suggested that the use of individual PRC to estimate a group of analyte may affect the quantitation because of their slight differences in physicochemical properties or in retention mechanisms, especially for high hydrophobic compounds. Hence, there is a gap in the Huckins method between theory and experimental sampling rates. Their limit can be observed on high hydrophobic compounds since these compounds are most often adsorbed to dissolved organic carbon (DOC) (Lundqvist 2011) . Augulyte and Bergqvist (2007) have investigated on the monitoring of high hydrophobic compounds with VO and came to the conclusion that fouling such as sludge particles, fat, and salt particles can influence the thickness of the water boundary layer (WBL) on the surface of the membranes VO, thus can affect uptake rate of high molecular weight compounds with high log K ow .
The purpose of this study is to use a group of labeled PAH-PRCs with log K ow range from 3.38 to 6.63 to estimate in situ the target analyte sampling rate Rs analyte (N) and to establish a relationship between log K ow and Rs, PRC (N) to allow the determination of accurate values of water concentration of compounds with high hydrophobicity. Aforetime, we aimed to evaluate 16 13 C PAH-PRC behavior using information from previous sampling campaigns (Wang et al. 2009; Karacık et al. 2013; Wang et al. 2013 ).
Materials and methods
The term SPMD was replaced in this study with virtual organism (VO) due to other dimensions of the samplers. In comparison with the mass fraction of 20% triolein of a standard SPMD, the mass fraction of VO is 44% to gain more power for the accumulation and thus determination of lipophilic compounds per sampler. This is meant to improve the sensitivity for the chemicals under investigation and achieve better results. The description of VO preparation, information on the different sample sites and details regarding extraction, clean-up, and analysis of samples were presented in previous publications (Wang et al. 2009; Karacık et al. 2013; Wang et al. 2013) and are briefly described in supporting information.
Huckins model
The concentration of freely dissolved nonpolar organic compounds is difficult to evaluate directly in a water sample as most of these hydrophobic substances will be associated to DOC. This concentration in VO (C VO ) was quantified after laboratory extraction by Huckins et al. (2006b) and described as:
where
), C W is the analyte concentration in water, and ke ,PRC is the elimination rate constant of corresponding PRC per day (d
−1
). To mitigate susceptible environmental factors, the PRCs are used to determine the elimination rate ke, PRC of the native compound of interest. Under conditions of isotropic exchange, ke, PRC can be described at each sampling site by the following relationship:
where N 0,PRC is the retained PRC fraction at the beginning of the exposure period and N t,PRC is the retained PRC fraction after the exposure period t. From the equation (1), it was assumed that equilibrium in VO was reached when ke ,PRC t ≥ 1 and C VO increased linearly with time when ke ,PRC t < 1. Using PRC data after deployment time, Huckins et al. (2006b) ) as:
Vs is the VO volume (L). The equation of analyte sampling rate proposed by Huckins Rs analyte (H) is applied when exchange kinetic is under WBL control and is determined using experimentally values as following:
Vm PRC is the LeBas molar volume of the selected PRC and Vm is the molar volume of the target analyte.
Analytes sequestered by the VO may be in the linear uptake (integrative) sampling, curvilinear, or equilibrium partitioning sampling phases. A model to calculate water concentration was introduced by Huckins et al. (2006b) and can be used regardless of whether the analyte's uptake is in a linear, curvilinear, or equilibrium phase together in combination with Rs analyte , K VO_W , and N VO , the absorbed amount of organic compound after exposure time t.
To evaluate K VO_W with 44% triolein, the theory of Mackay and Paterson (1982) has been used: the lowdensity polyethylene (LPDE) and triolein are considering two compartments, in which the solute has different concentration and fugacity. The resistance is controlled by the boundary layer and equilibrium exists between the membrane (LPDE) and lipid (triolein) phases (Gale 1998) . K VO_W (VO with triolein mass 44% of total mass, resp. volume due to nearly identical densities) is represented as:
). Chiou (1985) ; Booij and Smedes (2010) established a close correlation between, respectively, K T.W , K LPDE.W , and K ow with 3 < log K ow < 7: ).
New calculation model for the estimation of sampling rate Rs analyte (N)
The alternative calculation model is based on the use of all in situ PRC data, including those whose PRC concentration remaining are close to the limit of detection LOD and those whose PRCs are non-depleted.
Some high hydrophobic compounds presented values of Rs, PRC (see Eq. 3) around zero because of their low retention in VO. In this case, uncertainty values were used to estimate the minimal sample rate R min .
To obtain the maximal PRC retained in VO analytical uncertainty and thus the maximal possible loss of PRC due to analytical performance, the measure of 12 replicated VO, placed in a glass vial, hermetically closed with the cap and exposed in the field atmosphere, was achieved ( Fig. 1) .The Student t distribution was used to obtain confidence limits for measurement uncertainty (See supplementary information for more details). The uncertainty (y) of the VO-field blanks was given as:
where t α, v is the critical value of Student's t for the chosen α level and for ν = n−1 degrees of freedom and S CV is the standard error of the coefficient of variation CV.
The uncertainty value was used to obtain the maximal retained PRC concentration in percentage after exposure time:
u max was used to determinate the maximum elimination rate ke max
u 0 is the retained PRC concentration in percentage at time 0.
The minimal expected sampling rate (Rs min ) was thereby deduced.
R Smin was applied as the new values of PRC sampling rate Rs, PRC (N) if a direct measurement was not obtainable.
A relation between Rs, PRC (N) of the 16 13 C PRC-PAH and log K ow was applied to allow the estimation of the sampling rate of other groups of organic pollutants Rs analyte (N) such as OCPs and PCBs, independently whether the kinetic exchange was under membrane control or under WBL control. This relation was presented as an exponential function form with a correlation coefficient R 2 > 0.75. The sampling rates among studies appeared to be shifted by relatively constant factors a and b. A fitted model relation in this field condition is giving as:
where a and b are constants for a given exposure, but may vary among exposures according to differences in hydrodynamical conditions and sampler geometry.
Results and discussion

Evaluation of PRC-PAH releases
Field data from previous sampling campaign (Wang et al. 2009; Karacık et al. 2013; Wang et al. 2013) reveal that the release of the 16 PRC-PAHs into VO in the water media was observed, independently of environmental conditions. Relation between the concentration Fig. 1 Schema representing uncertainty field y of dissipated PAH-PRC values (u) during exposure times. u max is the largest possible deviation from the average dissipation of a PRC which does not exhibit significant dissipation after a certain sampling period. u max can be used to estimate the minimal possible sampling rate for such compounds and time was described by a log-linear empirical function (Fig. 2) . Thus, the elimination rate (ke, PRC ) increased with the decreased log K ow .
Using Eq.
(1), naphthalene-13 C 6 and acenaphtylene-13 C 6 attained equilibrium with ke, PRC t > 1 for an exposure time of 30 days while the others compounds were still in the linear stage with ke, PRC t < 1 (Huckins et al. 2006b ). Compounds with lower molecular weight than fluoranthene-13 C 6 presented relevant values of ke, PRC , whereas higher molecular weight with log K ow range 5.18 to 6.63 did not perform well for this short period of deployments as they presented a very low ke, PRC , ranging from 0.02 to 0.01 d −1 . These results were in accordance with the U.S. Environmental Protection Agency (EPA 2009) suggesting that log K ow values are generally inversely related to aqueous solubility and directly proportional to molecular weight. Huckins et al. 2002a advised to exclude the high molecular weight compounds with log K ow > 5.5 for obtaining measurable losses of PRCs. He referred therefore in its model one PRC with low to moderate molecular weight to estimate sampling rate of high molecular weight compounds. However, the 16 PRCs with low to high molecular weight were presented in different kinetic stage after exposure; the choice of one PRC to reflect the loss rate of a wide range of target chemical may be inappropriate as there was a high risk that the analyte did not have a diffusion and sorption matching PRC. Besides, the obtaining of low PRC elimination rate ke, PRC for compounds with log K ow > 5.18 did not mean that there was no isotropic exchange between high hydrophobic PRC compounds and their native analogues.
Rs PAH (N) estimation procedure with sixteen PAH-PRCs during sampling campaign in Three Gorges Reservoir in 2011
During sampling campaign in 2011 , VO was deployed in 12 sampling sites along the Three 
Times (days)
Naphthaline-13C6 , y1 Acenaphthylene-13C6, y2 Acenaphthene-13C6, y3
Fluorene-13C6, y4 Phenanthrene-13C6, y5 Anthracene-13C6, y6
Fluoranthene-13C6, y7 Pyrene-13C3, y8 Benzo(a)anthracene-13C6, y9
Chrysene-13C6, y10
Benzo(a)pyrene-13C4, y13 Indeno(1,2,3-cd)pyrene-13C6, y14 Benzo(g,h,i)perylene-13C12, y15
Dibenz(a,h)anthracene-13C6, y16 (Wang et al. 2009 and Karacık et al. 2013 Gorges Reservoir (TGR) for 26 days (Fig. S1) . Twelve VO-field blanks were used for the estimation of uncertainty y, using Eq.S5. Uncertainty values of each individual PAH-PRC were given at 95% level of confidence interval. These values provide the maximum retained PAH-PRCs u max (Eq. 10) in blank VO sample that lead to a minimum sampling rate Rs min (Eq.12). Rs min was estimated for each sampling sites, depending on K VO_W and Vs of VO. (Luellen and Shea 2002) that found that the assumption that the WBL is controlling during transport may not be true for high hydrophobic PAHs. Furthermore, previous studies suggested that membrane permeability limitation should be a factor for high hydrophobic PAHs with dimension ≥ 10 Å, which is more than the maximal pore diameter of the LPDE (Meadows et al. 1998; Rusina et al. 2010 ). Thus, some of the high lipophilic compounds can only pass the pore diameter of LPDE in one of its dimensions. This theory is somehow compatible with the results observed in VO from our new method of calculation and it is one of the explanation why using a single PRC to estimate concentration of a group of compounds as Huckins method can be unfounded. Some chemical factors have a significant influence on uptake kinetics of high log K ow into VO. Lipophilic compounds are preferentially sorbed to DOC in water column and the main chemical characteristic of these compounds that contributes to the association with DOC is their hydrophobicity. However, VO only accumulates the freely existing compounds in aqueous systems and not the fraction of DOC-bound compound (Rusina et al. 2009 ). In the field, DOC can associate with the membrane and can cause alternation of the elimination or uptake rate constant of high hydrophobic contaminant (Ke et al. 2007 ). This observation further indicates that the application of one PRC as reported by Huckins et al. (1993) to calibrate a suite of analytes may lead to an underestimation of uptake rate of high K ow compounds. Therefore, it is important for field studies to use a representative variety of PRCs similarly to the targeted chemicals.
The salinity can also affect the uptake of high hydrophobic compounds and can cause a bias of the result if only one PRC compounds is used. Brown and Weiss (1978) demonstrated that water-quality variables, such as salinity, can affect the dissolved concentrations of hydrophobic compounds in environmental waters and studies have shown that the salinity in some places of the water resources areas in TGR, during periods in dry season, could exceed the standard (0.25‰) with a salinity value greater than 0.48‰ (Baodong et al. 1999; HSU et al. 1999; An et al. 2009) .
A relationship between Rs PRC (N) and log K ow was established (Table 3 and Fig. S3 ).This equation is defined to extrapolate a large number of PRCs with moderate to high log K ow to insure an accurate value of the water concentration of analyte with high hydrophobicity such as OCPs and PCBs (Temoka et al. 2016) .
Comparison between Rs PAH (N) and Rs PAH (H)
The in situ PAH-PRC sampling rate Rs PAH (N) from Table 2 was used in comparison with the experimental PAH sampling rate Rs PAH (H) from the WBL controlled uptake method of Huckins (Eq. 4). PRC-Flu-13 C 6 , with a loss between 20 to 80%, was selected according to the criteria reported by Huckins et al. (2002a) . The result yields to a slight decrease of Rs PAH (H) at different log K ow values ranged from 3.38 to 6.63 (Fig. 3 and Fig.  S4 ). The diffusion was suggested to be under WBL control, so the VO acted as a diffuse sampler. In opposite, Rs PRC (N) of compounds with 3.38 > log K ow < 5.18 presented values that were generally similar to those obtained using the empirical model from Huckins, whereas a significant deviation for compounds with 5.18 > log K ow < 6.63 was observed. On the one hand, membrane diffusion could be an explanation of this observation. Under chemical conditions, as demonstrated above, rate control may have switched from WBL to membrane for highly hydrophobic compounds. The VO acts, in this case, as a permeate sampler. On the other hand, the significant deviation is in agreement with the theories of Vrana and Schüürmann (2002) , Luellen and Shea (2002) and Booij et al. (2007a) suggesting that under water boundary layer control in SPMD, the sampling rates of compounds increase with increasing log K ow and a maximum value in sampling rate is reached for compounds with log K ow value at around six. The ) as a function of log K ow from ranging from 3.38 to 6.5 of 16 13 C PRCPAHs. The sampling site was in Maoping (near the dam) at 17.3 ± 4°C after 26 days of deployment. Rs PAH (H) remains constant for compounds with log K ow values range from 3.38 to 6.63 while Rs PAH (N) increases significantly for compounds with log K ow values range from 5.18 to 6 fact that there was no maximum observed for Rs PRC (N) were likely due to the mass fraction of triolein (44%) in this passive sampler VO, higher than the standard mass fraction of Huckins (20%) in SPMD. The high volume of triolein in VO had affected the sampling rate in such a way that its maximum was postponed to compounds with log K ow > 6. In accordance with the result on the PRC evaluation (III.1), Acy is expected to be in equilibrium stage after 26 days of exposure. In this case, Huckins et al. (2006b) demonstrate that the concentration in the water phase can be calculated with the parti-
), the amount of analyte accumulated after a given exposure time N (mass) and the volume of the receiving phase V S (L) giving as:
or with Rs analyte (N)(L.d
), giving as:
To check Rs PRC (N) values, both calculations are made. Cw Rs of Acy are expected to be equal to Cw eq after 26 days in accordance with the conclusion taken above.
Results show similar values for Cw eq and Cw Rs (Table 4) . In some cases, the remained PRC was not determinable because Acy-PRC was completely released making it impossible to calculate Cw Rs .
Rs PAH (N) and Rs PAH (H) were used to estimate water concentration of high hydrophobic PAH compounds with log K ow ≥ 5.18 such as Pyr, BaA and Chr, BbF, BkF, BaP, DahA, BghiP, and inD. The result of PAHs, grouped by a ring number in compounds, presented a large discrepancy (Fig. 4) . Hence, the concentration of the ΣPAH in the TGR ranged from 248 pg/L for sixring compounds to 182,292 pg/L for four-ring compounds with the alternative model, whereas using Huckins model ΣPAH was considerably higher, ranging from 5323 pg/L for six-ring compounds to 305,624 pg/L for four-ring compounds. Both models presented a high percentage of four-ring PAHs freely dissolved in water. The difference between Rs PAH (N) and Rs PAH (H) was obvious for higher molecular weight compounds. In Huckins estimation, the six-and fivering PAH portions were, respectively, 2 and 12%, versus 0.1 and 1% by using directly the measured in situ sampling rate. VO samples were compared to XAD cartridges for active sampling at the same period near TGD in Maoping. The concentration data evaluated by this type of sampling self-packed XAD cartridge have been already published to a large extent (Deyerling et al. 2014) . Since only the freely dissolved form of a chemical is available to partition into VO membrane, an estimation of total PAH concentration in crude water was established considering also suspended particles S SP and DOC (Table S2 ). The equations were already described in previous study (Temoka et al. 2016) . The mean value of daily discharge of DOC (1.6 mg C/L) in Yichang, determined by Müller et al. (2008) , was used for the calculation. For the simplification of the estimation of different masses constitutions, all densities δ were considered 1 kg/L. The result of total PAH concentration found in the filter cartridge was 12.38 ng L −1 (Table 5) 
Conclusion
The molar volume Vm approach used by Huckins to describe the profile of Rs analyte (N) is not satisfying because data in field studies do not sufficiently follow the correction by molar volume. When using a single PRC to calibrate a suite of target analytes with a wide range of K ow as referred to Huckins model, the retention mechanisms of all the target analytes may not necessarily be identical. The use of the calculation procedure presented herein allows the estimation of in situ Rs analyte (N) of pollutants with moderate to high log K ow by employing a wide range of PRCs, in order to improve the accuracy of the estimated water concentration. The model is independently to the resistance to the mass transfer across the VO membrane.
Under water boundary WBL control, Rs analyte (N) values were expected to gradually decline due to a small reduction in diffusion coefficient Dw (Rusina et al. 2010; Vrana et al. 2007 ) following the mass transfer coefficient model from Huckins et al. (2006b) . Field application of VO revealed that transport of PRC compounds Naph-13C6, Acy-13C6, Ace-13C6, Fle-13C6, Fen-13C6, Ant-13C6, and Flo-13C6 with a slight variation of Rs analyte (N) follow the approach of Huckins. Differences for highly hydrophobic compounds (log K ow ≥ 5.18) not identical with the used PRC may be either cause by membrane permeability limitations or by deviated WBL control. Hence, low log K ow PRC compounds referenced to high log K ow analytes can lead to an overestimation of the analyte's water concentrations by orders of magnitude.
